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Abstract

:

While the ecological benefits of no-till are largely indisputable, the economic impacts are less certain, and the latter may be partly to blame for lower-than-expected adoption of no-till. In this study, we contribute to a better understanding of the ecosystem and farm-level economic impacts of no-till, with Buchanan County in the northeastern region of the U.S. State of Iowa as the backdrop due to previously established data and model validation efforts in that region. Using the Agricultural Policy Environmental eXtender (APEX) and Farm Economic Model (FEM), we simulated two tillage scenarios—a conservation tillage baseline and no-till—for continuous corn and corn–soybean rotations in Buchanan County using gridded historical climate data. We find that no-till provides clear ecosystem benefits, except that soluble nutrient losses might actually rise. We also find that under current commodity prices for corn and soybeans, no-till is not as profitable as the conservation tillage baseline. For no-till to be at least as profitable as the baseline under current commodity prices, the yield penalty associated with no-till cannot be higher than 1.5% for corn and 0.8% for soybeans, or similar combinations that entail a revenue penalty of about $24,000 for an 809-hectare continuous corn or corn–soybean operation. Given the simulated yield penalties associated with no-till, corn and soybean prices would have to be substantially lower in order for no-till to break even. Consequently, incentives for conservation practice implementation may need to be tied to commodity prices and yield penalties in order to elicit greater adoption rates.
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1. Introduction


Cultivated croplands are the predominant source of food and fiber for the global population, and this is in no small part due to advances in agronomic practices coupled with the use of high yielding varieties. However, croplands have also been implicated as a major source of nonpoint source pollution that impacts downstream waters [1,2]. Thus, many of the same advances in tillage and nutrient and pesticide applications that result in high-yielding crops have also been associated with significant nutrient, sediment, and chemical losses in surface runoff during storm events. For instance, hypoxia in the Gulf of Mexico has often been linked to nutrient and sediment losses in surface runoff from cultivated croplands upstream in the Mississippi River basin [1,3].



To mitigate these surface runoff and associated concerns, numerous structural and cultural practices have been implemented on cultivated croplands in the U.S. with varying degrees of success [4,5,6]. These practices, which have been partially funded by public programs, have often been buttressed by extensive field trials, though the actual post-implementation performance is usually less impressive, often due to a myriad of factors such as complex landscape issues, a lack of consistent and adaptive management, and even an unwillingness to invest time and effort due to a perceived risk of economic loss [6,7,8].



1.1. Disparities in Existing Studies on the Cost-Effectiveness of Conservation Tillage


Among the practices often promoted for mitigating nonpoint source pollution from cultivated croplands, conservation tillage has received great attention and has been widely implemented. A reason for the generally broad appeal for conservation tillage is that scientific advances in recent decades have made it easier for farmers to implement these practices. For instance, many farmers opt for no-till soybean production because of the wide availability of soybean varieties that are herbicide-ready. Thus, particularly for soybeans, no-till adoption rates have increased in recent decades. In fact, many farmers in Iowa already implement some form of conservation tillage as their default tillage practice for corn and soybean production [9,10].



Various studies have attempted to elucidate the impacts of conservation tillage on various ecological indicators. In general, these studies seem to yield a consensus that suggests a significant reduction in sediment losses in surface runoff, along with reductions in organic or sediment-bound nutrient losses (see, for instance, Ref. [11] for a review). The impacts on soluble nutrient losses are not as clear [12], and additional work is needed, not only to determine the direction of these impacts, but also to provide more robust estimates of the magnitudes.



While conservation tillage methods such as ridge till, no-till and strip till have been implemented more broadly than other recommended practices, their adoption rates are still lower than expected due to a lack of consistent data on the farm-level economic implications. For instance, while [10,13] indicated that no-till would result in a net cost to producers in a number of Iowa studies, Ref. [14] showed that no-till soybeans contributed substantially to overall profitability of a rice–soybean rotation in Arkansas. Furthermore, Ref. [15] found profit gains from no-till as compared to conventional tillage for rotations involving wheat, sorghum, and corn in Southwest Kansas. Similarly, Ref. [16] also found no-till to be more profitable than conventional tillage for corn production in northeastern Kansas. In Burleson County, Texas, Ref. [17] also found no-till to be preferred by risk-neutral and risk-averse producers for systems involving soybeans, wheat, and sorghum. Finally, experimental data from 1998 to 2002 on corn in nine states [18] showed that yields were on average lower, but profits were higher under no-till as compared to conventional tillage.



In contrast, similar to [10,13], Ref. [19] also found no-till to be less profitable than conventional tillage for many dryland cropping systems in the Great Plains. While the crops and the production regions differ, this disparity nonetheless illustrates the range of economic impacts in the literature for conservation tillage.



Many such disparities exist in the academic literature, and they exist even between studies covering the same crops, production regions, weather, and market conditions. Several key reasons exist for the disparities in economic impacts. First, no-till, for instance, is often associated in many studies with a yield penalty, at least in the initial years after implementation (see, for instance, Refs. [13,20]). Other studies, however, indicate a higher yield under no-till for soybean (e.g., Refs. [14,21,22]). Consequently, the farm-level economic implications of adopting no-till depends partly on the size of the yield penalty and the corresponding commodity prices. Secondly, the costs of field operations are also subject to substantial variability as evidenced by recent spikes in equipment and fuel prices. Additional reasons relate to the biophysical implications of conservation tillage practices including no-till, such as the practicability of performing or eliminating various field operations, an issue we return to later on. Thus, risk-averse farmers tend to maintain their status quo practices until there is overwhelming financial evidence in favor of the recommended practice change.



Owing in part to these disparities, there is a need to shed more light on the economic viability and cost-effectiveness of conservation tillage practices. In sum, contrasting the studies that address ecological impacts, most studies have failed to robustly ascertain the directional economic impact of conservation tillage. It is, in general, not known to a high degree of certainty whether a conservation tillage practice will entail a net profit or loss to the producer implementing the practice. As mentioned above, the lack of consensus regarding economic impacts of conservation practices is a major reason for less than anticipated adoption rates.




1.2. Previous Work That Informs the Present Study


This study is a contribution to the existing literature addressing the ecological and farm-level economic impacts of conservation tillage. We do not attempt here a robust synthesis of the subject. However, we contribute to a better understanding of this subject by presenting an assessment of no-till versus a baseline conservation tillage practice in an area that has been previously studied, but now in the current market context and within the broader context of the prevailing emphasis on ecosystem services. We explain our results in the appropriate context and, where necessary, highlight those aspects of the results that are fairly robust.



For this study, we leverage decades of watershed assessments and the development and application of linked economic-ecohydrological models for assessing conservation practice implementations. We utilize the widely used Agricultural Policy Environmental eXtender (APEX; Refs. [23,24,25]) ecohydrological model, and the Farm Economic Model (FEM; Ref. [26]), an annual farm-level economic simulator. These two models have been applied separately and jointly in many applications [26] and were specifically validated for the subject area of this study. In particular, APEX and FEM were utilized together with the Soil and Water Assessment Tool (SWAT; Refs. [24,27,28]) in the upper Maquoketa River watershed (UMRW) [9,10], a watershed in northeastern Iowa that covers portions of Buchanan, Clayton, Delaware and Fayette counties.



This study builds upon both earlier [9,10,29,30,31,32,33] and more recent [34,35,36,37,38,39,40,41,42,43,44] research. Various studies have evaluated the efficacy of APEX in simulating tillage practices and their resulting impacts on surface runoff, and sediment and nutrient losses. For instance, Refs. [9,10] focused on evaluating a number of conservation practices for cultivated croplands in the northeast Iowa region, while [34,44] assessed the impact of climate change on crop yields in Iowa and South Korea. Most recently, Ref. [35] projected the impacts of climate change on surface runoff and sediment and nutrient losses from cultivated croplands in Buchanan County. The practices evaluated by [9] and [10] included, among others, conservation tillage (specifically no-till), nutrient management, contour farming, terraces, buffer and filter strips, and various practice combinations. In that study, the models were calibrated and validated against measured ecological and agronomic (and, for FEM, economic) data prior to their use to simulate conservation practice implementation on croplands in a mixed crop–livestock farming region. The present study focusses only on Buchanan County, and highlights only conservation tillage to address no-till cost-effectiveness and standard ecological objectives including nutrient and sediment losses, and soil carbon sequestration.



We also build upon previous work conducted in the Fort Cobb Reservoir watershed in Oklahoma. In that application, the focus was on winter wheat production, and FEM was utilized to estimate the impact of implementing a no-till practice as opposed to the status quo distribution of tillage practices. In that study, no-till was found to entail an average net profit to farmers who implement it on their winter wheat fields in Oklahoma [45].



The previous studies in the UMRW [9,10] elucidated a number of facets of crop management in northeastern Iowa that informed the present study. First, the status quo tillage practice for continuous corn and corn–soybean rotations is already a form of conservation tillage. In general, conservation tillage is in widespread use across Iowa and much of the Corn Belt, prompting manufacturers to discontinue many lines of heavy tillage equipment in favor of minimum tillage options (see for instance, Ref. [46]). Thus, the baseline scenario to which [9,10] compared the no-till scenario was itself a form of conservation tillage. Second, farmers in that region who desire to implement no-till find it impracticable to fully eliminate all tillage operations. Thus, the scenario represented in [9,10] as no-till does not entail elimination of all tillage operations. Rather, it retains the row crop cultivation operation for corn. For these reasons, the results of [9,10], as well as this study, need to be understood in the context of incremental conservation tillage, rather than a contrast between conventional tillage and no-till.




1.3. Purpose of This Study


Given the foregoing, this study seeks to enhance our understanding of the ecological and farm-level economic impacts of conservation tillage in Buchanan County, Iowa. We build on the previous study in the UMRW [9,10] as well as the recent applications by [34], wherein climate change impacts on corn and soybean yields were determined and by [35], in which climate change impacts on surface runoff and sediment and nutrient losses were estimated for the same county. We also use the same models which have been validated previously for Buchanan County and many other study regions. The results of this study will enhance our understanding of the cost-effectiveness of incremental conservation tillage for cultivated croplands where reduced tillage is already practiced.



While the models and study area are similar, this study is distinct in terms of the microsimulation approach employed. We also utilize updated and more refined weather data, based on a 4 km grid as described briefly below and in [34,35]. We also cover all soil types within Buchanan County, thus enhancing transferability of the results to other areas within the U.S. Corn Belt.



While this study covers an entire county, it is, in reality, not a county-level study. We perform microsimulations simulating the diversity of soils, topography, weather and management practices represented in that county. Thus, in so far as similar soils, topography, weather, and cropping practices exist in other areas across the U.S. Midwest, the results of this study are broadly applicable to all those areas. The theoretical justification of this study is that by representing the variety of biophysical attributes in our simulations, we arrive at conclusions that are applicable not only to Buchanan County, but to the entire U.S. Corn Belt.





2. Materials and Methods


For this study, we leveraged decades of computer model development and application assets as well as extant data assembled for field scale, farm-level and watershed assessments across the United States. A brief description of the approach to evaluating conservation tillage impacts on ecosystem and farm-level economics follows, prior to presentation of the results.



2.1. Modeling System


Two calibrated computer simulation models were used to simulate the ecosystem and farm-level economic impacts of conservation tillage in Buchanan County, Iowa. Both models were calibrated using historical weather, agricultural production data, farm cost and returns, and custom rate summaries. APEX was then used to simulate crop production, edge-of-field runoff, sediment and nutrient losses, and other ecological metrics under status quo and no-till practices. The crop productivity data obtained from the APEX simulations were then used as input in FEM [26,45], an annual economic simulation model for agricultural operations, to estimate the farm income and cost implications of the tillage practices simulated, and the crop production levels indicated by the APEX model. FEM is an annual economic simulation model that includes numerous subroutines and algorithms for simulating farm economics.



The two computer simulation models had been calibrated in previous efforts in Buchanan County, and were validated for the present study. FEM was used to determine the impacts of baseline tillage practices and no-till on farm incomes, costs, and net income. The APEX model was used to estimate crop yields and selected edge-of-field water quality metrics, namely sediment, total nitrogen, and total phosphorus in surface and subsurface flow. APEX was also used to estimate soil organic carbon levels and sequestration rates and other soil attributes. APEX and FEM have been linked in a previous effort to enable seamless transfer of data between the two models [26]. In this study the two models were applied in fully linked mode (Figure 1) to enable the transfer of biophysical parameters from APEX to the economic simulation model. The two models were calibrated separately prior to their use in the simulations.



APEX [23,24,25] is a comprehensive field-scale model that is a modified version of the Erosion Productivity Impact Calculator (EPIC) model [47]. Additional information describing the APEX application in this study is provided in [34]. APEX was calibrated against surface runoff data [48] as well as crop yield data assembled as part of the previous application [9,49].



Farm-level economic simulations were performed with the Farm Economic Model (FEM, Ref. [26]). FEM is a whole-farm annual economic model that simulates the economic impacts of a wide range of scenarios on farm enterprises based on applicable behavioral practices. The model was developed primarily for environmental policy assessment as part of a National Pilot Project on Livestock and the Environment (NPP, Ref. [26]), but is now widely applicable to a much broader range of agricultural policy assessments. FEM has been used in conjunction with APEX and SWAT to estimate the economic and environmental impacts of various policies and practices in several watersheds [10,26,35]. Both farm-level and watershed-scale impacts have been assessed. Recently, FEM was also integrated within a macro-modeling system that evaluates the economic and environmental impacts of agro-ecological practices across large geographic regions [50].



FEM simulates entire farms. Key components within the model include cropping systems and operations; livestock husbandry and nutrition; manure and waste management; equipment and machinery; types, sizes, and uses of land areas; structures and facilities; and exogenous factors. The cropping systems section of the model includes all aspects of crop management including field operations, input purchases, and grain and other product sales. The livestock systems section includes all livestock operations, nutrition, manure production characteristics, and livestock herd management. Special modules in FEM account for manure handling and storage, manure application on land, and other manure use or disposal options. All equipment, facilities and structures on the farm are accounted for in special modules that are designed to handle equipment purchase decisions and financing terms. Exogenous factors such as biophysical characteristics of the farm and government policy variables are also accounted for in the model.



Several FORTRAN routines within FEM estimate costs and returns of a farm based on livestock and crop operation schedules; ownership and the characteristics of structures, facilities, and equipment; financing terms; land areas and uses; livestock nutrition; manure production and handling; as well as other pertinent aspects of each farm enterprise. Optimizations required within the model are handled within a General Algebraic Modeling System (GAMS; Ref. [51]) submodule that is linked to special model routines for transfer of relevant decision and exogenous variables. FEM is discussed in greater detail in [26]. The following discussion is limited to components of the model that are directly related to evaluation of the tillage practices presented in this paper.



To estimate the economic impacts of alternative tillage systems the major cost and revenue components of relevance are grain sales, machinery repair and maintenance; fuel and lubrication; machinery ownership expenses (interest and depreciation); cost of hired and owner/operator labor; custom operation costs; and pesticide costs.



FEM permits very flexible specification of the field operations performed for a cropping system. Individual field operations can be specified for each crop in the rotation, each unique year of the rotation pattern, and each field that is unique in terms of crop management. For each operation, very flexible and detailed specifications can be provided. Field operation information includes the date of the operation, proportion of the field covered, frequency of the operation within the specified year, an indicator variable specifying whether the operation is custom hired or performed by the owner/operator, and an indicator specifying the types of fields the operation applies to. It also includes a list of input specifications detailing the machinery used for that operation, custom rates, seeding rates, herbicide use, and other crop input parameters. Furthermore, multiple implements can be specified for any field operation. The horsepower rating of the power implement determines hourly fuel and lubrication costs, while speed, width, and field efficiency of the implement determines how many hours are required for the operation.



The cost of a field operation is determined primarily by the hours required to complete that field operation. The hours required to complete a field operation on a hectare of land using a specific implement are given by


  h = w s e   θ   − 1    



(1)




where  h  is the hours required per unit area of land,  w  is the width of the implement in meters,  s  is the field travel speed of the implement in km/hour,  e  is the implement field efficiency, and  θ  is a unit conversion constant equal to 10. In an operation involving multiple implements with different field travel speeds, widths, or field efficiencies, the hours per hectare of the operation is computed as the hours required for the slowest implement, i.e., the implement that covers the least amount of area per unit of time.



Once the hours of use are determined for a machine, its repair and maintenance, and fuel and lubrication expenses are based on agricultural machinery management specifications in ASAE EP496.1 [52,53] and ASAE D497.1 [54,55]. Specifically, repair and maintenance expenses for machinery j used in operation  i  in a given year  t  are given by (2), which is derived from the ASAE formula for cumulative repair and maintenance:


   C  j i t   =    h  j i t      h  j t     R F  1 j   P j   [     (     H  j t     1000    )    R F  2 j    −    (     H  j t − 1     1000    )    R F  2 j     ]   



(2)




where    C  j i t     is the repair and maintenance expense for machinery  j  used in field operation  i  in year  t ,




	
   h  j i t     is the number of hours machinery  j  was used in field operation  i  in year  t ,



	
   h  j t     is the number of hours machinery  j  was used in all field operations in year  t ,



	
  R F  1 j    and   R F  2 j    are ASAE repair and maintenance factors,



	
   P j    is the purchase price of machinery  j , and



	
   H  j t     is the cumulative hours of use of machinery  j  through the end of year  t .








Fuel expenses are also computed in the model as a function of hours of use of each implement and various machinery coefficients [33,34,35,36]. Fuel cost per hour is given as


   f h  = c O g  



(3)




where    f h    is the fuel cost per hour of use,  c  is a coefficient equal to 0.062 for gasoline engines and 0.045 for diesel powered engines,  O  is the horsepower rating for the power implement, and  g  is the fuel price per gallon. Fuel cost per hectare is obtained by dividing    f h    by the hectares covered per hour. Fuel cost per year is obtained by multiplying    f h    by the hours of implement use through the entire year. Oil and other lubrication expenses are expressed as a fixed ratio of fuel expenses based on the applicable ASAE Standards [52,53,54,55], which is typically 15% of fuel expenses.



Machinery ownership expenses are also computed in FEM and are partly dependent on use, since the expected economic life of each machine is typically expressed in hours. Hours of machinery use are used to compute the expected economic life in years within the model. Machinery depreciation expenses are inversely proportional to expected economic life. Interest and principal payments, on the other hand, are given as functions of exogenous borrowing terms.



Costs of hauling, drying, and handling are functions of crop yields. This study utilized hauling, drying, and handling costs reported in the Iowa State University crop production expenses for 2022 [56]. Harvesting costs, on the other hand, were simulated within the model. For continuous corn harvesting, the costs were determined based upon the machinery equations specified above. For corn–soybean harvesting, it was assumed that the producers would utilize custom harvesters since that is more cost-effective for the representative production area simulated, as compared to if the farmer had purchased the combine and grain heads and carts required and incurred the associated overhead, operating, and maintenance expenses.




2.2. Data Sources


Several data sources were used for this study. These data sources are described in greater detail in [34], and only mentioned here briefly.



Cropland data layer (CDL): This data layer was used to determine relevant corn and soybean growing areas in Buchanan County. It was obtained from the USDA–NRCS data server [57].



SSURGO soils data: The USDA–NRCS SSURGO soils data [58] was overlaid on the CDL data in order to determine the soil types applicable to 2021 corn and soybean production fields in Buchanan County. As detailed in [34], a total of 88,322 crop–soil polygons were simulated for continuous corn and 157,973 crop–soil polygons for corn–soybeans.



Weather data: Precipitation, minimum and maximum temperature, solar radiation, and other key weather variables were obtained from the USDA Parameter-elevation Regressions on Independent Slopes Model (PRISM) database [59]. The simulations presented here were performed with a 25-year time horizon of weather covering the 1981–2005 period. Additional details are provided in [34].



Crop management data: Based on the producer input detailed in [49], specific baseline field operations were defined for continuous corn and corn–soybean fields. Those operations are outlined in [34] and represent a reduced tillage system. To simulate “no-till”, the field cultivator and chisel plow operations were eliminated. All other operations were retained, including the row cultivation operations, but a few dates were adjusted due to the timing of operations being slightly different when fewer tillage passes are performed. Field operations simulated for the “no-till” scenario are specified in Table 1 (for continuous corn) and Table 2 (for corn–soybean). The schedules in Table 1 and Table 2 represent no-till operations on fields receiving manure. For fields not receiving manure, the manure application operation was excluded and bulk spread operation on October 23 was changed to 28.0 + 30.0 + 55.8 (N+P+K) as in [34]. Very little crediting of manure nutrients occurred as discussed in [9,10,35]. Again, as outlined in [34], status quo tillage practices in the UMRW represented a reduced tillage style of management. Thus, the comparison between baseline and “no-till” is really a comparison between two conservation tillage scenarios; the baseline involving a few more tillage passes than the “no-till” scenario.




2.3. Representative Farms for Economic Simulations


Representative farms were specified in order to simulate the economic impacts of the tillage practices for appropriately sized operations. Each representative farm was specified as operating 809.4 ha of cultivated cropland, in addition to a small area for a farmhouse, equipment shed and other relevant buildings. A total of eight representative farms (I–VIII in Figure 2) were defined to account for replicates of two tillage options (baseline and no-till), two nutrient management options (manure-receiving fields and fields receiving only inorganic fertilizer), and two cropping systems (continuous corn and the corn–soybean rotation) (Figure 2). For the corn–soybean representative farm, the total area is divided into two equal halves, one planted in corn, and the other in soybean at any given point in time. For each representative farm, it was assumed that they owned only the minimum equipment and facilities required for their operation.



In previous applications where a variety of structural and livestock scenarios were evaluated, multiple farm sizes were represented in the simulations to capture the unique economic impacts that differ by size. However, this application only relates to tillage differences, in which case the difference in impacts is considerably dampened by the fact that smaller operations can utilize custom operators when owning capital intensive equipment is not cost-effective for them. Consequently, the farm-level economic impacts for tillage practices do not differ much by farm size. Thus, to simplify the study, only one farm size is utilized in this study: a total cropland area of 809 ha.




2.4. APEX Validation


For this study, the APEX output was compared to and calibrated against measured crop yields and edge-of-field ecological indicators. Details of APEX calibration results are reported in [34]. The results of the calibrations indicate that APEX was well-calibrated and validated for crop yield and environmental indicators (surface runoff, and sediment and nutrient losses) during the upper Maquoketa River watershed (UMRW) study [9]. APEX validations were also performed recently by [34,35] for the purposes of climate change simulations. Since we are utilizing the same model setup and study area, we consider it sufficiently validated for the current study.




2.5. FEM Validation


The economic model was also calibrated and validated for the UMRW study [9,10]. For the present study, we updated the model calibrations due to vastly different market conditions. FEM input parameters were adjusted within limits of acceptable economic and engineering coefficients, and equipment engineering coefficients were also adjusted accordingly. The original field machinery characteristics were obtained from [55,56,60], which were then adjusted during the calibration process. The resulting equipment prices and input coefficients relevant for this study are shown in Table 3, and were the input coefficients used in the FEM simulations.



During calibration, the performance of FEM was gauged using several goodness-of-fit metrics, chiefly the R2 statistic. The model was deemed adequately calibrated once total per hectare cost of each field operation was reasonably close to reported custom rate data [61]. For the most part, costs generated by the calibrated FEM model were within 2% of the reported custom rate average for the respective operation in the northeastern Iowa region. Regional custom rate data were used since inadequate data existed specifically for the relevant operations in Buchanan County. A comparison of the FEM simulated costs of field operations and the corresponding average custom rates are shown in Table 4.




2.6. Simulation Procedure


As in [34,35], 20% of crop–soil polygons identified as corn growing fields in Buchanan County in 2021 were simulated to determine the cost-effectiveness of no-till on continuous corn as compared to the baseline tillage system. Similarly, 20% of crop–soil polygons that were identified as corn or soybean growing fields in 2021 were simulated to evaluate no-till implementation in corn–soybean rotations as compared to the baseline tillage practice for the rotation. The rationale for using 20% of randomly selected crop–soil polygons is provided in detail in [34].



For each polygon, the baseline tillage presented in [34] was first simulated, followed by the no-till management depicted in Table 1 (for continuous corn) and Table 2 (for corn–soybean rotation). The key difference between the baseline and the no-till scenario was elimination of chisel plow and field cultivator operations for corn when the no-till scenario was simulated.





3. Results


Outputs from the APEX and FEM simulations were analyzed to determine the ecological and farm-level economic impacts of no-till when implemented on cultivated cropland, particularly continuous corn and corn–soybean rotations in Buchanan County. The APEX and FEM outputs provide a wide array of useful metrics. For this study, we will focus on five main classes of results:




	
Runoff and sediment losses;



	
Nutrient losses in surface runoff;



	
Carbon sequestration rates;



	
Corn and soybean yields;



	
Farm-level economic impacts.








As explained above, the baseline scenario represents a reduced tillage style of management. The alternative scenario simulated is a practical “no-till” scenario, which nonetheless, retains row crop cultivation on corn. Results are presented and discussed here on a per unit area basis and as percentage changes or per farm where applicable.



3.1. Impacts on Runoff and Sediment Losses


Relative to the reduced tillage baseline, no-till has minimal effect on surface runoff (Table 5). For both the baseline and the no-till scenario, surface runoff levels are similar between continuous corn and corn–soybean, and between fields receiving manure and those that do not. The area-weighted average surface runoff for the baseline is 133.5 mm/year, with a slightly higher rate for continuous corn than for corn–soybean, and a slightly lower rate for fields receiving manure than for those that receive only inorganic fertilizer.



Under the no-till scenario, surface runoff rates are slightly higher than under the baseline for continuous corn fields and lower on corn–soybean fields. Simulation results from APEX indicate that no-till results in a roughly 1% increase in surface runoff under continuous corn fields that do not receive manure, and 1.5% increase under continuous corn fields that do receive manure. In contrast, surface runoff rates are lower with no-till for corn–soybean fields, a roughly 2% reduction for both corn–soybean fields receiving manure and those that receive only inorganic fertilizer. Thus, the weighted average impact is a 1.4% reduction in surface runoff losses under no-till.



The impacts of no-till on sediment losses in runoff are markedly different. Results of the model simulations indicate that no-till would have a substantial impact on sediment losses in runoff as compared to the reduced tillage baseline. The greatest reduction in sediment losses is associated with the corn–soybean rotation when manure is utilized (close to 82% reduction), while the smallest impact is obtained for corn–soybean grown with only inorganic fertilizer (about a 61% reduction). No-till impacts on sediment losses for continuous corn with (about 70% reduction) and without (about 64% reduction) manure are intermediate. In summary, as expected based upon consistent results in the academic literature, sediment losses would decline significantly when no-till is practiced, relative to reduced tillage methods. Furthermore, the sediment loss reductions under no-till are greater on fields using manure than on fields that utilize only inorganic fertilizers.




3.2. Impacts on Nutrient Losses


Given that sediment losses are substantially reduced with no-till, we expect sediment-bound nutrients to also reduce under no-till. However, since surface runoff losses are only marginally changed, a reduction in soluble nutrient losses may be limited. The impacts of no-till on nutrient losses as compared to the baseline are displayed in Table 6 for nitrogen and phosphorus. The top panel of the table shows the baseline nutrient losses in kg/ha/year, followed by the middle panel, which displays the corresponding nutrient losses under no-till, and then the bottom panel, which shows the percentage changes in nutrient losses between the baseline and the no-till scenario.



As expected, sediment-bound nutrient losses are consistently and substantially reduced regardless of rotation and whether manure nutrients were utilized. Two results are consistent for sediment-bound nitrogen. First, the percentage reductions in sediment-bound nitrogen losses are somewhat greater in magnitude with continuous corn than with the corn–soybean rotation. Secondly, and more notably, the percentage reductions in sediment-bound nitrogen losses are greater on fields that do not receive manure than on fields that receive manure nutrients. The results are equally significant in magnitude, though not correspondingly, for sediment-bound phosphorus. In particular, we do not see consistently greater reductions for fields not receiving manure or for continuous corn fields. Rather, the reductions are greatest in magnitude for corn–soybean fields receiving manure, and secondarily—in terms of magnitude of the percentage changes—for continuous corn fields not receiving manure. The weighted-average percentage reductions in sediment-bound nitrogen and phosphorus losses are, respectively, 41% and approximately 50%. This compares favorably with the findings of [62] where nitrogen losses in sediment could be reduced by as much as 60% under no-till.



Under the baseline, sediment-bound nutrient losses are consistently greater than the corresponding soluble nutrient loss for both nitrogen and phosphorus regardless of rotation and whether manure is utilized on the fields. However, no-till impacts on sediment losses are so substantial that, for phosphorus, soluble nutrient losses under no-till are greater in magnitude than corresponding sediment-bound losses. However, no-till impacts on soluble N were considerably smaller relative to the corresponding phosphorus losses. In general, these results indicate the relative weakness of no-till in addressing soluble nutrient losses.



The results in Table 6 indicate that under no-till, soluble nutrient losses may not be reduced. In the case of phosphorus, soluble phosphorus losses actually increase under no-till. This phenomenon is actually well represented in the literature [63,64]. For instance, in previous efforts to reduce nutrient losses to Lake Erie [63], it was noted that while sediment-bound phosphorus losses declined with no-till, soluble phosphorus losses actually increased, very consistent with the results we find in this study. We see here, an average of 65% increase in soluble phosphorus losses when no-till is implemented. The increases are greater with fields receiving manure and with continuous corn.



No-till performance for soluble N losses is also less substantial than with sediment-bound N losses. However, the no-till scenario manages to register an area-weighted average reduction in soluble nitrogen losses of roughly 6%. Aside from corn–soybean fields not receiving manure, soluble nitrogen losses are reduced with no-till implementation. The reductions are greatest with continuous corn and with fields receiving manure.



Since for this application, sediment-bound nutrient losses are, in general, greater in magnitude than their soluble nutrient counterparts, there is generally a reduction in total N and total phosphorus losses with no-till, except for a small (less than 4%) increase in total phosphorus losses for continuous corn fields receiving manure, and essentially no impact (0% change) in total phosphorus losses for corn–soybean fields receiving manure. For total N losses, no-till registers a consistent reduction of about 50% regardless of rotation or whether the fields received manure nutrients. It is worth noting that the results may in part be predicated upon the baseline nutrient application rates. Future studies evaluating the implications of changes in the nutrient application rate on no-till effectiveness would be helpful.




3.3. Impacts on Carbon Sequestration


The implications of no-till for soil organic carbon content (SOC) and sequestration rates are shown in Table 7. Soil organic carbon and related changes in sequestration rates are indicated for four soil layer depths: 0.25 m, 0.5 m, 1.0 m, and 2.0 m. The numbers shown in the first two panels of the table reflect soil chemistry values at the end of the 25-year simulation period. The first panel of the table shows the model output for the baseline scenario. Each pair of numbers represents the soil organic carbon level in that depth of soil in mt/ha, followed by the same SOC level expressed as a percentage of total soil mass for the same depth. The second panel of the table shows corresponding values for the no-till scenario, followed by a third panel that indicates the percentage changes of the no-till soil organic carbon values from corresponding baseline values. The last panel shows the implied changes in SOC sequestration rates from the baseline, expressed in mt/ha/year.



It is clear from the results presented in Table 7 that manure applications enhance soil organic carbon levels. For both baseline and no-till scenarios, and regardless of rotation or depth of soil, fields receiving manure are associated with notably higher SOC levels at the end of the 25-year simulation horizon. The results also indicate that with or without manure, continuous corn fields have slightly higher soil organic matter levels than corn–soybean fields. We did not explore the reason for this latter finding as it is not the focus of this study, but it is likely due to the higher biomass levels on corn fields as compared to soybean fields after harvest.



The results of the simulations indicate consistent impacts of no-till on all fields simulated. No-till results in distinct, though modest, increases in SOC levels. The percentage changes further underscore that the increases in soil organic carbon levels are more pronounced for fields receiving manure. The improvements in SOC associated with no-till are largely confined to the top 0.5 m. However, as the results displayed here for soil layer depths are cumulative, the SOC levels and percentages show improvements under no-till for all depths.



Absolute sequestration rates are not reported in this paper. However, relative to the baseline, we report that carbon sequestration rates would increase by roughly 0.3 mt/ha/year for continuous corn or corn–soybean fields receiving manure, and about 0.1 mt/ha/year for fields that do not receive manure. As indicated above, the changes in sequestration rates are somewhat higher for continuous corn. The resulting area-weighted average changes in sequestration rates—averaged across both rotations and nutrient sources—are around 0.12 mt/ha/year for all soil layers, indicating that the changes are largely restricted to the top layer.




3.4. Impacts on Corn and Soybean Yields


Simulated crop yield impacts in response to no-till are shown in Table 8 in comparison to the baseline. Baseline continuous corn, corn following soybean, and soybean yields are shown in mt/ha/year in the first panel of the table, followed by corresponding yields under no-till in the second panel, and then percentage changes of no-till yields from baseline values in the last panel. As mentioned previously, baseline crop yields were validated recently in [26,34] and were shown to be consistent and robust indicators of the measured yields for the study area.



No-till implementation is shown to result in small reductions in corn and soybean yields. Note that other studies (e.g., Ref. [13]) indicated more sizable reductions in yields under no-till, but those reported reductions were for a few select years, as opposed to the 25-year annual average we report here. For continuous corn or corn following soybean, the yield reductions are in the range of roughly 4.7% as compared to the baseline. In contrast, soybean yields are expected to decline by roughly 2% under no-till. These yield-results reflect both long-term averages and the fact that soybean management under no-till is only one tillage operation removed from the baseline, whereas corn management under no-till is two or three tillage operations removed from the corresponding baseline.



It is important to emphasize that these yield impacts are based on annual average yields over the 25-year simulation horizon. As such, we did not account for the dynamic impacts of no-till over a longer time horizon, when improvements in soil organic matter are expected to result in improved yields under no-till. However, the average yield penalties reported here are supported by other studies (e.g., Refs. [65,66]) that indicate similar reductions under no-till corn production as compared to conventional tillage practices.




3.5. Farm-Level Economic Impacts


Farm-level economic impacts of the alternative tillage practices are contrasted in Table 9. As mentioned above in Section 2.3, only one farm size is represented here because the results for tillage alternatives are not expected to differ much by farm size, since farmers can choose to perform operations themselves or hire it out to a custom operator. The economic impacts of no-till as compared to the baseline hinge on two main factors: the impact of no-till on crop yields and hence total revenues, and the impacts of no-till on the costs of field operations as compared to the baseline. The results presented in Table 9 show that due to the yield penalty indicated for no-till as compared to the baseline, there is a substantial revenue reduction on an average annual basis. The revenue impacts of no-till are the most severe for continuous corn grown without manure (a roughly $102,000 average annual reduction in total revenue per farm), and least for corn–soybean fields where manure is not applied (close to a $67,000 average annual reduction per farm in that case).



Total costs are lower with no-till largely because of the elimination of the field cultivation and/or chisel plow operations for corn. However, the no-till planter is somewhat more expensive, thus reducing to some extent, the cost advantage of the fewer field operations. Nonetheless, no-till is shown to consistently result in reduced costs for both rotations with and without manure utilization.



Ultimately, net incomes are lower for no-till because the revenue reduction due to the yield penalty is of a much greater magnitude than the cost reduction due to fewer field operations. The net income reduction per hectare associated with no-till ranges from $17 for corn–soybean with manure to over $93 for continuous corn with manure. Based on the land area distributions for the two rotations and for fields utilizing manure versus those using only inorganic fertilizer, the average annual weighted average farm-level economic impact of no-till per hectare is $58.09.



Breakeven Corn and Soybean Prices



Since a key factor influencing the relative economic impacts is the yield penalty associated with both crops, it stands to reason that corn and soybean prices also play a major role in determining the relative economic impacts of no-till versus other tillage practices. In fact, a key reason for the farm-level economic impacts we report here is the relatively high levels of current corn and soybean prices, which, similar to most commodities, are at historic highs. Due to the yield penalty under no-till as compared to the baseline, lower corn and soybean prices would make no-till relatively more competitive. To shed better light on this, we provide a brief breakeven analysis below.



Given commodity prices     P   c     and     P   s     for corn and soybean, respectively, and total production costs     C   b     and     C   n    , respectively for the baseline (b) and no-till (n), the continuous corn (cc) and corn following soybean (cs) yields     y   c c   b    ,     y   c s   b    ,     y   c c   n     and     y   c s   n     for the baseline and no-till, and corresponding soybean yields     y   s   b     and     y   s   n     for the baseline and no-till, the breakeven condition between no-till and the baseline is simply defined as:


        P   c     y   c c   b   +     P   c     y   c s   b   + P   s     y   s   b     −   C   b     −       P   c     y   c c   n   +   P   c     y   c s   n   +   P   s     y   s   n     −   C   n     = 0  



(4)







Equation (4) implies a breakeven commodity price relation between corn and soybean as represented in (5):


    P   s   =       C   b   −   C   n     −   P   c       y   c c   b   +   y   c s   b   −   y   c c   n   −   y   c s   n         y   s   b   −   y   s   n      



(5)







Thus, the greater the cost reduction benefit of no-till,       C   b   −   C   n      , the greater the range of plausible corn and soybean prices that are associated with economic breakeven, and by inference, the greater the economic performance of no-till as compared to the baseline. Similarly, the lower the yield penalty associated with no-till corn,   (   y   c c   b   +   y   c s   b   −   y   c c   n   −   y   c s   n   )  , or soybeans,     y   s   b   −   y   s   n    , the greater the range of commodity prices consistent with breakeven and hence, no-till profitability. At the weighted average cost benefit of under $25,000 per year and simulated yield penalties, current commodity prices are too high for no-till to break even under these conditions, as compared to the baseline.



For additional insights, Figure 3 displays a graph of the breakeven corn and soybean prices conditioned upon six alternative weighted average corn and soybean yield penalties and cost reductions associated with no-till. The regions below each graph indicate the range of possible corn and soybean price combinations that are relatively profitable for no-till; the line graph itself is the breakeven frontier. Conversely, the regions above each line graph indicate the corn and soybean price combinations that are associated with no-till being less profitable than the baseline. In addition to the alternative cost and yield assumptions, we also display the simulated yield penalties and no-till cost reductions, labeled as “Current”, the lowest graph, closest to the origin. The actual corn and soybean prices are also plotted in the figure as the large dot (corresponding to $265.20/mt for corn and $546.30/mt for soybeans), far above the “Current” graph, and below only two graphs, both corresponding to 2.2% corn and 1.9% soybean yield penalties, respectively, with no-till: line graph D ($40,000 cost savings with no-till) and line graph E ($45,000 cost savings with no-till).



It is thus clear that in order for no-till to be more profitable than the baseline at the simulated yields and costs, corn and/or soybean prices would have to be significantly lower than their current levels. On the contrary, given current corn and soybean prices and the cost reduction associated with no-till, the breakeven yield penalties for corn and soybean are approximately 1.5% and 0.8%, respectively, or similar combinations that entail a revenue penalty of about $24,000 per 809-hectare continuous corn or corn–soybean operation. Under current prices, any yield penalties higher than these levels would result in a profit loss under no-till as compared to the reduced tillage baseline that is the status quo in northeastern Iowa for the continuous corn and corn–soybean rotations.





4. Discussion


The results of this study show that the economic impacts of no-till or other tillage practices hinge on three readily explicable factors: direct cost implications of changes in tillage practices, potential yield penalties associated with the tillage practice changes, and prevailing commodity prices. No-till is invariably associated with a reduction in the cost of field operations. However, if it is also associated with a yield penalty, the net effect on farm economics hinges on the magnitude of the yield penalty and the corresponding commodity prices. For this study, no-till was found to be less profitable than the conservation tillage baseline because the cost reduction afforded by the reduced tillage operations was not enough to offset the revenue reduction that results from the yield penalty and the high commodity prices. In general, if there is no yield penalty associated with no-till, there are clear economic benefits. If there is a yield penalty associated with no-till, then the economic impact hinges on the magnitude of the yield penalty and cost reductions as well as prevailing commodity prices.



The ecosystem benefits of no-till are undeniable. There are definite benefits in terms of sediment loss reduction and associated reductions in sediment-bound nutrients. However, soluble nutrient losses may not decline, and may in fact increase. For this reason, no-till may need to be implemented in combination with other practices that perform better at reducing soluble nutrient losses.



No-till is also beneficial for soil organic carbon sequestration. SOC levels increase appreciably with no-till, even over the levels associated with the conservation tillage baseline. With an increase in interest in climate-smart practices and monetization of other associated ecosystem services, no-till profitability may yet improve as farmers obtain additional sources of income for implementing no-till production practices.



The results of this study have clear policy implications. If no-till entails a net-income loss as is the case with current commodity prices and simulated yield penalties, financial incentives may be necessary to encourage adoption among producers. In devising such incentives, it is important for the government or other sponsoring agencies to tie these incentives to the commodity prices in order to better capture the magnitude of net-income loss, resulting in part from yield penalties.



While the study is set within the context of a northeastern Iowa county, the results are readily transferrable to other midwestern States. This direct transferability is due to the fact that while we utilized data pertaining to Buchanan County, we performed microsimulations that covered every soil type, weather, and topography applicable to the area. Thus, the results are applicable to any areas where similar soil types, topography, weather, and management practices prevail. Consequently, we expect that, with very few exceptions, the results are broadly applicable to similar conditions across much of the western Corn Belt region.



There are a number of limitations of this study. First, the management practices utilized in this study were based on producer surveys conducted around the year 2000. While current data indicate that the tillage practices are practically unchanged, nutrient applications have changed more considerably, with a greater emphasis on inorganic fertilizers than previously was the case. Second, while it is true that our model simulations indicate a moderate yield penalty with no-till, we did not address the inherent dynamics in soil chemistry over time that could eventually eliminate the yield penalty as soil productivity improves under no-till, as compared to the baseline. Other studies do support the notion that no-till is associated with a small-to-moderate yield penalty in many instances. Third, while we performed microsimulations over all soil types represented in Buchanan County, we acknowledge that the results of the study may not be directly transferrable to some areas in the Midwest where the soils, topography and climate are markedly different. In this case, though, we do maintain that the soil series and associated characteristics are quite representative to a good portion of the western Corn Belt region, and consequently the results of this study would be broadly applicable in those areas. Finally, while this is not a major limitation, we utilized only one farm size in the studies. The difference in impacts across farm size categories would be rather small when these impacts are expressed in $/ha. However, economic impacts expressed as percentage changes would definitely differ markedly due to the lower net income base of smaller operations.




5. Conclusions


No-till has often been promoted as a practice that will reduce nutrient and sediment runoff from cultivated croplands and increase SOC levels. It is also touted to retain topsoil productivity and consequently long-term crop yields. However, the farm-level economic implications are less certain. In this study, we explored the ecosystem and farm-level economic impacts of no-till in a northeastern Iowa county that has been studied extensively and benefited from economic and ecohydrological model calibrations. The objective was to contribute a more robust understanding of the economic implications as well as additional information on the associated ecosystem benefits.



Using well-calibrated ecohydrological (APEX) and economic (FEM) models, we simulated no-till and baseline tillage practices for continuous corn and corn–soybean rotations in Buchanan County, Iowa. The simulations were performed using SSURGO soils data and satellite imagery from the USDA’s CDL data sets to determine relevant soils associated with continuous corn and corn–soybean production.



The results of the simulations buttressed the fact that no-till provides clear ecosystem service benefits. While impacts on surface runoff volumes are negligible, there are clear benefits in terms of sediment loss reduction when no-till is implemented as compared to a conservation tillage baseline that entails only two or three additional tillage passes per year, relative to no-till. There are also corresponding benefits in relation to reductions in sediment-bound nutrient losses, which also see significant reductions.



In contrast, no-till does not appear to provide any benefits with respect to soluble nutrient losses. For both soluble N and soluble phosphorus, and the latter in particular, one could see significant increases in losses in surface runoff when no-till is implemented. This phenomenon is well-documented and our study provides confirmation of this finding. However, we also note that the levels of soluble nutrient losses may be predicated upon the rates of nutrient application utilized on the fields, an issue that deserves further study, but is beyond the scope of this paper.



Farm-level economic simulations indicate that no-till is currently not as profitable as the conservation tillage baseline. This is because while no-till results in a reduction in the costs of field operations, this reduction is not high enough to offset the revenue reduction that results from a 4.7% yield penalty for corn and a 2.3% yield penalty for soybeans, along with the historically high corn and soybean prices. A yield penalty no higher than 1.5% for corn and 0.8% for soybean would ensure that no-till is at least as profitable under current commodity prices and field operations costs. Additional efforts to synthesize the economic implications of alternative tillage practices will serve to reduce the perceived risk that is often at the heart of lower-than-expected adoption rates.
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Figure 1. Schematic of FEM and APEX linkage for scenario simulation and analysis. 
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Figure 2. Types of representative farms used in economic simulations. 
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Figure 3. Graphs of breakeven corn and soybean prices for no-till as compared to the baseline under alternative yield penalty and cost reduction assumptions. 
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Table 1. Field operations simulated for no-till continuous corn for 1998–2000 production years.
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	Date
	Operation *





	16 April
	Apply manure (44.9 MT/ha)



	29 April
	Apply herbicide



	3 May
	Plant



	3 May
	Incorporate starter fertilizer (kg/ha) (10.1 + 11.3 + 27.9)



	12 June
	Cultivate



	18 October
	Harvest corn



	23 October
	Bulk spread (kg/ha) (17.9 + 20.2 + 41.9)



	12 November
	Apply Ammonia (194.2 kg/ha)
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Table 2. Field operations simulated for no-till corn–soybean rotation for 1998–2000 production years.






Table 2. Field operations simulated for no-till corn–soybean rotation for 1998–2000 production years.









	Date
	Operation





	
	Corn following soybean



	16 April
	Apply manure (44.9 MT/ha)



	29 April
	Apply herbicide



	29 April
	Apply fertilizer N (128.2 kg/ha)



	1 May
	Plant corn



	1 May
	Incorporate starter fertilizer (kg/ha) (10.1 + 11.3 + 27.9)



	12 June
	Cultivate



	15 October
	Harvest corn



	25 October
	Bulk spread (kg/ha) (17.9 + 20.2 + 41.9)



	
	Soybean following corn



	16 April
	Apply manure (44.9 MT/ha)



	29 April
	Apply herbicide



	10 May
	Field cultivate



	12 May
	Plant soybean



	2 October
	Harvest soybean



	27 October
	Bulk spread (kg/ha) (15.4 + 17.3 + 41.9)
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Table 3. Characteristics of field machines after FEM calibration *.






Table 3. Characteristics of field machines after FEM calibration *.





	Machine
	Price

($)
	Hours
	Width

(m)
	Speed

(ms−1)
	Field Eff.
	Horse-Power
	RF1
	RF2





	95 HP Tractor
	120,866
	12,800
	NA
	NA
	80
	95
	0.003
	2.0



	240 HP Tractor
	284,690
	12,800
	NA
	NA
	80
	240
	0.003
	2.0



	Bulk fert spreader: 7.6 m
	7700
	2500
	7.6
	2.9
	75
	NA
	0.63
	1.3



	Ammonia applicator—11.4 m
	99,663
	4000
	11.4
	3.4
	90
	NA
	0.63
	1.3



	Sprayer
	61,776
	1500
	27.4
	2.6
	65
	73
	0.43
	1.8



	Chisel plow: 7 m
	55,661
	3000
	7.0
	2.6
	85
	NA
	0.28
	1.4



	Row cultivator
	66,771
	2500
	12.2
	2.7
	80
	NA
	0.17
	2.2



	Field cultivator—9 m
	71,109
	2200
	9.0
	2.7
	85
	NA
	0.27
	1.4



	Planter, 8 row narrow
	52,261
	2800
	6.1
	2.9
	85
	NA
	0.32
	2.1



	No-till planter
	64,181
	1500
	6.1
	2.9
	70
	NA
	0.007
	2.0



	Manure spreader
	26,232
	3000
	4.6
	3.0
	85
	NA
	0.63
	1.3



	Corn Head, 8 row narrow
	83,000
	8000
	6.7
	2.0
	85
	NA
	0.12
	2.3



	270 HP Combine
	339,250
	6000
	NA
	NA
	85
	270
	0.02
	2.1







* NA implies not applicable.
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Table 4. Costs of simulated field operations and corresponding custom rates: $/hectare.
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Current Custom Rate

	
FEM Model Estimate




	

	
Total

	
Variable






	
Bulk fertilizer spreading

	
15.20

	
15.07

	
10.06




	
Chisel plow

	
44.48

	
44.21

	
26.51




	
Row cultivation

	
31.01

	
30.15

	
16.41




	
Field cultivation

	
39.29

	
38.82

	
20.31




	
Row planting

	
51.89

	
51.89

	
34.10




	
No-till planting

	
57.45

	
56.61

	
26.41




	
Ammonia application

	
33.11

	
29.01

	
17.47




	
Manure application

	
NA

	
66.12

	
34.72




	
Combine corn

	
90.81

	
90.91

	
45.76




	
Herbicide spraying

	
16.68

	
17.15

	
7.31
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Table 5. Conservation tillage impacts on annual surface runoff and sediment losses.
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Baseline

	
No-Till

	
Percentage Change




	
Rotation and Management

	
Surface Runoff (mm)

	
Sediment Losses (mt/ha)

	
Surface Runoff (mm)

	
Sediment Losses (mt/ha)

	
Surface Runoff (%)

	
Sediment Losses (%)






	
Corn without manure

	
134.59

	
2.90

	
135.75

	
1.03

	
0.9

	
−64.4




	
Corn with manure

	
133.79

	
1.63

	
135.81

	
0.48

	
1.5

	
−70.7




	
Corn–soybean without manure

	
133.27

	
1.97

	
130.47

	
0.76

	
−2.1

	
−61.3




	
Corn–soybean with manure

	
132.93

	
1.01

	
130.52

	
0.18

	
−1.8

	
−81.7




	
Area weighted average

	
133.46

	
1.99

	
131.53

	
0.72

	
−1.5

	
−63.6
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Table 6. Conservation tillage impacts on nutrient losses in surface runoff (kg/ha/yr) *.






Table 6. Conservation tillage impacts on nutrient losses in surface runoff (kg/ha/yr) *.





	
Rotation and Management

	
Soluble N

	
Sediment-Bound N

	
Total N

	
Soluble P

	
Sediment-Bound P

	
Total P






	

	
Baseline




	
Corn without manure

	
6.58

	
16.17

	
22.75

	
0.72

	
2.27

	
3.00




	
Corn with manure

	
10.09

	
55.68

	
65.77

	
1.91

	
2.82

	
4.73




	
Corn–soybean without manure

	
4.41

	
11.71

	
16.12

	
0.78

	
1.63

	
2.40




	
Corn–soybean with manure

	
6.78

	
48.79

	
55.57

	
2.08

	
2.64

	
4.72




	
Area weighted average

	
5.26

	
18.72

	
23.98

	
0.97

	
1.91

	
2.88




	

	
No-till




	
Corn without manure

	
4.99

	
7.03

	
12.02

	
1.24

	
1.08

	
2.31




	
Corn with manure

	
7.20

	
38.36

	
45.56

	
3.50

	
1.39

	
4.89




	
Corn–soybean without manure

	
4.61

	
5.71

	
10.32

	
1.22

	
0.88

	
2.10




	
Corn–soybean with manure

	
6.16

	
36.18

	
42.34

	
3.65

	
1.07

	
4.72




	
Area weighted average

	
4.95

	
10.96

	
15.92

	
1.61

	
0.95

	
2.57




	

	
Percentage changes from baseline




	
Corn without manure

	
−24.3

	
−56.5

	
−47.2

	
70.8

	
−52.7

	
−22.8




	
Corn with manure

	
−28.7

	
−31.1

	
−30.7

	
83.2

	
−50.6

	
3.5




	
Corn–soybean without manure

	
4.5

	
−51.2

	
−36.0

	
56.8

	
−45.9

	
−12.7




	
Corn–soybean with manure

	
−9.1

	
−25.9

	
−23.8

	
75.3

	
−59.5

	
−0.1




	
Area weighted average

	
−5.9

	
−41.4

	
−33.6

	
65.4

	
−49.9

	
−10.9








* Capital P in this table refers to phosphorus. Elsewhere, italicized P with a subscript refers to a commodity price.
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Table 7. Conservation tillage impacts on soil organic carbon.
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Rotation and Management

	
Depth of Soil Layer




	

	
0.25 m

	
0.5 m

	
1 m

	
2 m






	

	
Baseline (mt/ha [%])




	
Corn without manure

	
120.9 [3.27]

	
215.7 [2.86]

	
302.0 [1.89]

	
352.7 [1.11]




	
Corn with manure

	
135.9 [3.68]

	
231.3 [3.07]

	
317.9 [1.99]

	
368.8 [1.16]




	
Corn–soybean without manure

	
120.4 [3.26]

	
215.1 [2.85]

	
301.0 [1.89]

	
351.8 [1.11]




	
Corn–soybean with manure

	
137.2 [3.71]

	
232.1 [3.08]

	
318.1 [1.99]

	
369.0 [1.16]




	
Area weighted average

	
123.2 [3.33]

	
218.0 [2.89]

	
303.9 [1.90]

	
354.8 [1.12]




	

	
No-till (mt/ha [%])




	
Corn without manure

	
123.9 [3.31]

	
219.0 [2.89]

	
305.4 [1.91]

	
356.2 [1.12]




	
Corn with manure

	
144.2 [3.86]

	
239.4 [3.16]

	
325.9 [2.04]

	
376.7 [1.19]




	
Corn–soybean without manure

	
122.3 [3.27]

	
217.0 [2.86]

	
302.8 [1.89]

	
353.6 [1.11]




	
Corn–soybean with manure

	
144.5 [3.86]

	
239.3 [3.15]

	
325.1 [2.03]

	
375.9 [1.18]




	
Area weighted average

	
126.2 [3.37]

	
220.9 [2.91]

	
306.9 [1.92]

	
357.7 [1.12]




	

	
Percentage changes from baseline




	
Corn without manure

	
2.5

	
1.5

	
1.1

	
1.0




	
Corn with manure

	
6.1

	
3.5

	
2.5

	
2.1




	
Corn–soybean without manure

	
1.6

	
0.9

	
0.6

	
0.5




	
Corn–soybean with manure

	
5.3

	
3.1

	
2.2

	
1.9




	
Area weighted average

	
2.4

	
1.4

	
1.0

	
0.8




	

	
Change in soil carbon sequestration rate (mt/ha/yr)




	
Corn without manure

	
0.12

	
0.13

	
0.14

	
0.14




	
Corn with manure

	
0.33

	
0.32

	
0.32

	
0.32




	
Corn–soybean without manure

	
0.08

	
0.07

	
0.07

	
0.07




	
Corn–soybean with manure

	
0.29

	
0.28

	
0.28

	
0.28




	
Area weighted average

	
0.12

	
0.12

	
0.12

	
0.12
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Table 8. Conservation tillage impacts on corn and soybean yields (mt/ha/year).
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Rotation and Management

	
Corn Following Corn

	
Corn Following Soybean

	
Soybean






	

	
Baseline




	
Corn without manure

	
8.40

	

	




	
Corn with manure

	
8.45

	

	




	
Corn–soybean without manure

	

	
8.45

	
3.17




	
Corn–soybean with manure

	

	
8.46

	
3.17




	
Area weighted average

	
8.41

	
8.45

	
3.17




	

	
No-till




	
Corn without manure

	
7.99

	

	




	
Corn with manure

	
8.05

	

	




	
Corn–soybean without manure

	

	
8.06

	
3.09




	
Corn–soybean with manure

	

	
8.07

	
3.10




	
Area weighted average

	
8.00

	
8.06

	
3.10




	

	
Percentage changes from baseline




	
Corn without manure

	
−4.9

	

	




	
Corn with manure

	
−4.7

	

	




	
Corn–soybean without manure

	

	
−4.6

	
−2.3




	
Corn–soybean with manure

	

	
−4.7

	
−2.3




	
Area weighted average

	
−4.9

	
−4.6

	
−2.3
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Table 9. Average annual conservation tillage impacts on farm-level economics ($/year).
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Total Revenue ($/Farm)

	
Total Cost ($/Farm)

	
Net Income ($/Farm)

	
Net Income per Hectare ($/ha)




	






	

	
Baseline




	
Corn without manure

	
$2,111,081

	
$1,912,136

	
$198,945

	
$245.80




	
Corn with manure

	
$2,123,011

	
$1,923,390

	
$199,621

	
$246.63




	
Corn–soybean without manure

	
$1,858,562

	
$1,560,999

	
$297,562

	
$367.64




	
Corn–soybean with manure

	
$1,860,690

	
$1,586,248

	
$274,442

	
$339.07




	
Area-weighted average

	
$1,909,718

	
$1,634,902

	
$274,816

	
$339.53




	

	
No-till




	
Corn without manure

	
$2,008,292

	
$1,881,208

	
$127,084

	
$157.01




	
Corn with manure

	
$2,022,481

	
$1,898,650

	
$123,832

	
$152.99




	
Corn–soybean without manure

	
$1,791,821

	
$1,540,188

	
$251,633

	
$310.89




	
Corn–soybean with manure

	
$1,792,532

	
$1,531,972

	
$260,560

	
$321.92




	
Area-weighted average

	
$1,835,652

	
$1,607,854

	
$227,797

	
$281.44




	

	
Impact of no-till




	
Corn without manure

	
−$102,789

	
−$30,928

	
−$71,861

	
−$88.78




	
Corn with manure

	
−$100,530

	
−$24,740

	
−$75,789

	
−$93.64




	
Corn–soybean without manure

	
−$66,741

	
−$20,812

	
−$45,929

	
−$56.75




	
Corn–soybean with manure

	
−$68,157

	
−$54,276

	
−$13,882

	
−$17.15




	
Area-weighted average

	
−$74,066

	
−$27,048

	
−$47,019

	
−$58.09
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